Isocitrate lyase was purified from Phycomyces blakesleeanus N.R.R.L. 1555(-). The native enzyme has an Mr of 240000. The enzyme appeared to be a tetramer with apparently identical subunits of Mr 62000. The enzyme requires Mg2+ for activity, and the data suggest that the Mg2+-isocitrate complex is the true substrate and that Mg2+ ions act as a nonessential activator. The kinetic mechanism of the enzyme was investigated by using product and dead-end inhibitors of the cleavage and condensation reactions. The data indicated an ordered Uni Bi mechanism and the kinetic constants of the model were calculated. The spectrophotometric titration of thiol groups in Phycomyces isocitrate lyase wi-th 5,5'-dithiobis-(2-nitrobenzoic acid) gave two free thiol groups per subunit of enzyme in the native state and three in the denatured state. The isocitrate lyase was completely inactivated by iodoacetate, with non-linear kinetics. The inactivation data suggest that the enzyme has two classes of modifiable thiol groups. The results are also in accord with the formation of a non-covalent enzyme-inhibitor complex before irreversible modification of the enzyme. Both the equilibrium constants for formation of the complex and the first-order rate constants for the irreversible modification step were determined. The partial protective effect of isocitrate and Mg2+ against iodoacetate inactivation was investigated in a preliminary form.
INTRODUCTION
Isocitrate lyase (EC 4.1.3.1) catalyses the reversible aldol cleavage of threo-Do( + )-isocitrate to succinate and glyoxylate. It is a key enzyme of the glyoxylate pathway, which is used by micro-organisms growing on C2 compounds to generate the precursors necessary for biosynthesis. The enzyme in Escherichia coli and other enteric bacteria plays an important role in the regulation of isocitrate flux at the branch-point between the glyoxylate pathway and the tricarboxylic acid cycle [1] [2] [3] [4] [5] . Isocitrate lyases have been purified from a restricted number of species, among which are E. coli [6] , Pseudomonas indigofera [7] , Chlorella pyrenoidosa [8] , Neurospora crassa [9] and a thermophilic Bacillus [10] . Although several physical and kinetic properties of the enzymes from these sources have been characterized, the true substrate still remains to be established. There are few reports about the role of Mg2+ in isocitrate lyase kinetics. Giachetti et al. [11] have found that the Mg2+-isocitrate complex is the true substrate for the Pinus pinea isocitrate lyase, in contrast with the commonly accepted substrate D8-isocitrate. Little is known about the structure and active site of tetrameric isocitrate lyase. The presence of a cysteine residue has been reported in the enzymes from Ps. indigofera [12] , castor bean (Ricinus communis) [13] and E. coli [141 So far little has been learnt about the regulation of isocitrate flux in filamentous fungi [15, 16] , and no details of the purification of Phycomyces blakesleeanus isocitrate lyase have hitherto been reported, nor have its kinetic and regulatory properties been examined.
In the present paper we report the purification and the physicochemical properties of isocitrate lyase from Ph. blakesleeanus N.R.R.L. 1555 (-) . We also present a preliminary study of the effect of Mg2+ ions on the enzyme and a detailed analysis of its kinetic mechanism. Finally we present a study of the thiol groups, with an analysis of protection against inactivation, which allows us to discuss the role of these thiol groups.
EXPERIMENTAL Materials threo-DL-Isocitrate (trisodium salt), threo-D.-isocitrate (monopotassium salt), succinic acid, glyoxylic acid, phenylhydrazine hydrochloride, 6-phosphogluconate (tricyclohexylammonium salt), phosphoenolpyruvate (monocyclohexylammonium salt), oxalic acid (sodium salt), SDS, Mops, iodoacetic acid, DEAEcellulose and Blue Dextran were purchased from Sigma Chemical Co., St. Louis, MO, U.S.A. Sephadex G-200, Mr markers for analytical gel filtration and Mr markers for SDS/PAGE were obtained from Pharmacia Fine Chemicals, Uppsala, Sweden. Reagents for gel electrophoresis were from Shandon Southern Products, Cheshire, U.K. Pig heart isocitrate dehydrogenase (EC 1.1.1.42), NADP+ (disodium salt), dithiothreitol and 5,5'-dithiobis-(2-nitrobenzoic) acid were from Boehringer Mannheim, Mannheim, Germany. Fumaric acid was obtained from Ferosa, Barcelona, Spain. All other chemicals used were standard analytical grade and provided by Merck, Darmstadt, Germany.
Isocitrate lyase assays
The cleavage reaction catalysed by isocitrate lyase was assayed by a modification of the continuous method described by Dixon & Kornberg [17] . The standard reaction mixture comprised 25 mM-imidazole/HCI buffer, pH 6.8, containing 5 mM-MgCl2, 4 mM-phenylhydrazine hydrochloride, 4 mM-threo-DL-isocitrate and enzyme, in a final volume of 1 ml. The reaction was started by the addition of isocitrate, and the isocitrate cleavage was measured at 30°C by the change in absorbance at 324 nm associated with the formation of glyoxylate phenylhydrazone (e = 14.63 x 103 M-1 cm-'). A unit of enzyme activity is defined as the amount of enzyme that catalyses the formation of 1 ,umol of glyoxylate phenylhydrazone/min, under standard conditions. The condensation reaction catalysed by isocitrate lyase was assayed by coupling the formation of isocitrate to the reduction of NADP+ by using isocitrate dehydrogenase. The standard reaction mixture comprised 25 mM-Mops/NaOH buffer, pH 7.5, containing 5 mM-MgCl2, 2 mM-NADP+, isocitrate dehydrogenase (0.4 unit/ml), succinate, glyxoylate as indicated and enzyme, in a final volume of 1 ml. The reaction was started by the addition of purified isocitrate lyase, and NADPH formation was monitored at 30°C by the change in absorbance at 340 nm (e = 3.26 x 103 M-l cm-, which was determined experimentally for our assay conditions). A unit of enzyme activity is defined as the amount of enzyme that catalyses the formation of 1 #umol of NADPH/min, under standard conditions. Protein concentration was measured by the method of Lowry et al. [18] or by the method of Warburg & Christian described by Layne [19] ; BSA was used as standard.
In all kinetic experiments we used threo-D. Isocitrate lyase purification Ph. blakesleeanus wild-type strain N.R.R.L. 1555(-) was grown in a liquid minimal medium [23] , except that we used 2.73 % acetate as the carbon source and L-asparagine (2 g/l) as nitrogen source. The mycelium was harvested after 24-28 h of growth as described previously [16] .
All the purification steps were performed at 0-4 'C. The mycelia of Ph. blakesleeanus were cut into pieces and suspended in buffer A (50 mM-imidazole/HCI buffer, pH 7.5, containing 10 mM-KCI, 1 mM-EDTA, 1 mM-MgSO4 and 1 mMdithiothreitol) at a ratio of 5 ml/g wet wt. and homogenized in a Braun MSK homogenizer cell-disruptor for 35 s. The homogenate was centrifuged at 104000 g for 60 min. The supernatant was adjusted to 35 % saturation with (NH4)2S04 by slowly adding solid (NH4)2SO4. The material was stirred for 20 min and centrifuged at 15000 g for 20 min, and the pellet was discarded. Further solid (NH4)2SO4 was added to the supernatant to give 60 % saturation, and the preparation was stirred and centrifuged as above. The pellet was dissolved in a small volume of buffer B (20 mM-imidazole/HCI buffer, pH 7.0, containing 5 mM-KCI, 1 mM-MgSO4, 1 mM-EDTA and I mM-dithiothreitol). The suspension was loaded on to a column (3.5 cm x 50 cm) of Sephadex G-200 equilibrated with buffer B, at a flow rate of 20 ml/h. Fractions (2.5 ml) containing isocitrate lyase activity were pooled and loaded on to a column (2 cm x 23 cm) of DEAE-cellulose equilibrated with buffer B, and fractions (1 ml) containing isocitrate lyase activity were eluted with the same buffer at a flow rate of 20 ml/h; the remaining protein fractions (without enzymic activity) were eluted from the column by increasing the molarity of buffer B by adding 0.5 M-KCI. The active fractions were pooled in buffer B containing BSA (0.5 mg/ml) and 5 mM-dithiothreitol, and stored at 4 'C. (Mr 30000), ovalbumin (Mr 43000), BSA (Mr 67000) and phosphorylase b (Mr 94000).
RESULTS AND DISCUSSION Purification and physicochemical properties of isocitrate lyase
The results of a typical purification procedure for isocitrate lyase from mycelium of Ph. blakesleeanus are summarized in Table 1 . We used the ultracentrifugation step instead of a 20000 g centrifugation one because it produces a higher increase in the specific activity of the enzyme (about 2-fold). The elution profiles of an ion-exchange chromatography on a DEAEcellulose column are shown in Fig. 1 . All isocitrate lyase activity was contained in the minor protein peak eluted with the equilibration buffer (buffer B), whereas a major protein peak was eluted from the column on increasing the buffer molarity by the addition of 0.5 M-KCI. This step was the more effective one in the purification procedure. The use of a low-molarity buffer (5 mmor 10 iM-Tris/HCl buffer) and different pH (range pH 6.8-7.9) in this chromatography step did not change the elution profile of enzyme. The yield and final purification factor were 300% and 187-fold respectively.
The purified Phycomyces isocitrate lyase seems to be homogeneous as judged by the existence of the single protein band other sources [26] , is a tetramer of identical or similar subunits. C. pyrenoidosa [8] .
Fraction no.
Fraction no. Bacillus sp. [10] , Ps. indigofera [7] and E. coli [6] . This problem assays for the isocitrate cleavage were carried out as described in the was overcome by the addition of 5 mM-dithiothreitol and 0.5 mg Experimental section, with 10 ,ul of each 1 ml fraction of the enzyme of BSA/ml. Under these conditions the enzymic preparation of preparation.
Ph. blakesleeanus isocitrate lyase could be stored at 4 'C for 15
Vol. 272 [10] . The apparent activation energy (E8) at the higher temperatures was 9.5 kJ -mol-, 40°C being the transition temperature. Several explanations as to why the Arrhenius plot is concave downwards have been suggested [31] . A temperature-dependent equilibrium between two active enzymic forms with different activation energies may be a valid explanation for Phycomyces isocitrate lyase if we take into account the role played by Mg2t ions, as described below.
The activity of purified isocitrate lyase from Ph. blakesleeanus was dependent on ionic strength (I) (when NaCl is added). It decreased from I0.01 (maximum activity) to 10.1 (about 50% residual activity) in imidazole/HCl buffer, pH 6.8. Optimum pH for activity of the cleavage reaction was between pH 6.5 and pH 7.0 in 25 mM-imidazole/HCl buffer and 25 mM-sodium phosphate buffer, whereas for the condensation (reverse) reaction the pH optimum was between pH 7.5 and pH 8.0, in good agreement with that described for isocitrate lyases from other sources [26] .
The isocitrate lyase from Phycomyces was inactivated by urea at 30°C in 25 mM-sodium phosphate buffer, pH 7.0, containing I mM-EDTA for 5 [33] and the flax (Linum usitatissimum) enzyme [34] .
Mg2+ was postulated to be necessary for catalysis on the active site of isocitrate lyase [35] , but at higher concentrations Mg2+ has an inhibitory effect [26] . From studies carried out with Ricinus enzyme, Malhotra et al. [36] intersected in the upper-left quadrant (Fig. 5) . Secondary replots of intercepts and slopes were linear with the reciprocal of concentrations of glyoxylate and succinate. This kinetic pattern indicates that the condensation reaction proceeds by a sequential reaction mechanism, which is qualitatively consistent either with an ordered Bi Uni mechanism or These results support an ordered binding mechanism for the condensation reaction for Phycomyces isocitrate lyase in which glyoxylate is bound first to the enzyme, with subsequent binding of succinate. In an ordered Bi Uni mechanism in which glyoxylate adds first and succinate afterwards, a dead-end inhibitor competitive with succinate will be uncompetitive with glyoxylate [45, 46] .
On the other hand, with respect to the cleavage reaction catalysed by Phycomyces isocitrate lyase, succinate was a linear mixed-type inhibitor (Fig. 6a) , as expected in an ordered Uni Bi mechanism [21] . Oxalate was a linear competitive inhibitor with respect to isocitrate (Fig. 6b) , whereas phosphoenolpyruvate and itaconate were linear uncompetitive inhibitors. On the basis of these results we think that the kinetic mechanism followed by Ph. blakesleeanus isocitrate lyase is ordered Uni Bi, and thus is the same as that proposed for the enzymes from N. crassa [9] , Ps. indigofera [40] , Bacillus sp. [10] and Lupinus [471. Mackintosh & Nimmo [6] have reported a random-order equilibrium mechanism for the E. coli enzyme. However, since the phosphoenolpyruvate and itaconate inhibition for the cleavage reaction appeared to be non-competitive or mixed-type at higher concentrations, it would seem that the kinetic mechanism could be preferentially ordered like that proposed for the enzymes from water-melon cotyledons [42] and from Linum usitatissimum [48] . Table 2 summarizes the kinetic constants calculated for Phycomyces isocitrate lyase in both directions of reaction, on the basis of an ordered Uni Bi mechanism and from the fit of the data shown in Figs. 5 and 6(a) . The Km value of Ph. blakesleeanus isocitrate lyase for threo-D,-isocitrate (58 /SM) was similar to the values reported for the enzymes from N. crassa [9] , E. coli [6] , C. pyrenoidosa [8] and Bacillus sp. [10] and far lower than the values of 1.2, 0.82, 0.45, 0.29 and 0.25 mm reported for the enzymes from yeast [7] , Ps. indigofera [7, 33] , Pseudomonas aeruginosa [7] , Linum usitatissimum [341 and water-melon cotyledons [49] . The Km values for succinate and glyoxylate were also in agreement with those reported for the enzymes from E. coli [6] , N. crassa [9] and Lupinus [28] . K, data for dead-end inhibitors are summarized in Table 3 .
In addition, we have calculated the rate constant values for the individual steps of the reaction shown in Scheme 1, which rule out the isomerization step of the central complex according to Segel [21] , these values being as follows: k+1 = (61+4.6)x 103 mm-1 min-', k-1=(14+1.1)x 102 min-', k+3=(33+2)x 102 min-1 and k3 = (54+ 3.9)x 103 mM-1 min-'.The k 2 value could not be calculated because of the negative value obtained for k+2, since the k+3 value was close to the Vm.. value. Judged from the estimated values for the individual reaction rate constants, it seems reasonable to suppose that the dissociation of glyoxylate from the enzyme-glyoxylate complex (cleavage reaction) and the dissociation of isocitrate fromenzyme-isocitrate complex (condensation reaction) would be the slowest step in each direction of the reaction catalysed by isocitrate lyase from Ph. blakesleeanus. 
Inhibition by metabolites and metabolite analogues
In addition to the study of the inhibitory effects shown by phosphoenolpyruvate, itaconate, oxalate and succinate, the effects of a number of potential regulators on the cleavage reaction catalysed by Phycomyces isocitrate lyase were tested. Table 3 summarizes the inhibition patterns and the K1 values for the compounds investigated. When assayed at 5-20 mm, glutamate, glycine and asparagine have no significant effect on isocitrate cleavage, as was the case for the enzymes from N. crassa [9] , Brevibacteriumflavum [50] , Candida tropicalis [51] and Ps. indigofera [30] . E. coli isocitrate lyase was inhibited by less than 10% by glutamate [6] . Fumarate was found to be a linear competitive inhibitor with regard to isocitrate for the Phycomyces enzyme, as it was for the N. crassa enzyme [9] and the Ps. indigofera enzyme [43] , which suggests that it binds to the glyoxylate-binding site. Maleate (a succinate analogue) was a linear uncompetitive inhibitor with respect to isocitrate, as was reported for the Ps. indigofera enzyme [35] , which indicates that maleate is bound at the succinate-binding site, and supports the hypothesis that succinate indeed binds to the enzyme in a cis configuration [9, 52] . Like the Neurospora enzyme [9] , isocitrate lyase from Ph. blakesleeanus was also more strongly inhibited by Table 3 . Inhibition of Ph. blakesleeanus isocitrate lyase
The buffer used for the cleavage reaction was 25 mM-imidazole/HCl buffer, pH 6.8, containing 5 mM-MgCl2, and that used for the condensation reaction was 25 mM-Mops/NaOH buffer, pH 7.5, containing 5 mM-MgC12. We used Segel's nomenclature [39, 56] [53] (uncompetitive), N. crassa [9] (non-competitive) and Br. flavum [50] (competitive), whereas isocitrate lyases from Candida tropicalis [51] and Rhodotorula [54] were inhibited by 6-phosphogluconate.
As shown in Table 3 , itaconate and maleate, two compounds without physiological significance, were the most effective inhibitors of the cleavage reaction catalysed by Phycomyces isocitrate lyase. Itaconate is also an uncompetitive inhibitor for isocitrate lyases from Ps. indigofera [30] , Lupinus [55] and Pinus densiflora [29] and a non-competitive inhibitor for the Linum usitatissimum enzyme [48] and the water-melon cotyledon enzyme [42] . Inhibition by phosphoenolpyruvate has been observed in all isocitrate lyases studied (except for the Brevibacterium enzyme) [26] , it being suggested that its effects might be physiologically significant, although recent studies on isocitrate lyase from E. coli argued against this possibility [6] Inactivation by iodoacetate Isocitrate lyase was inactivated by iodoacetate in a time-and concentration-dependent manner at pH 6.8 and 25°C (Fig. 8) .
No detectable activity remained after prolonged incubation. A semi-logarithmic plot of residual activity against time was not linear, and a rapid decrease in activity was followed by a slower reaction that led to total loss of activity.
The kinetics of inactivation shown in Fig. 8 suggests that isocitrate lyase from Phycomyces has two classes of modifiable thiol groups, the alkylation of which has different effects on enzyme activity. However, an alternative notion could be that it represented a conformational change in the protein rather than further substitution. The slow phase of the inactivation was apparently linear, dependent on time but not on the concentration of iodoacetate used, and had a first-order rate constant of 0.018 min-'. Extrapolation of this phase to the zero-time axis yielded a value of about 2.4 % of the initial velocity for 5 mMiodoacetate. At a given time, subtraction of the values obtained by extrapolation from the observed values of remaining activity gives a straight line with a slope from which kapp. may be determined [58] . For the fast-reacting thiol groups, kapp is the pseudo-first-order rate constant. In the range of concentration tested, reaction of iodoacetate with the fast-reacting thiol groups was shown to follow an apparent hyperbolic behaviour (Fig. 9a) . This could indicate that the inactivation process involves the initial formation of a non-covalent enzyme-modifier complex [59] . From a plot of [iodoacetate]/kapp versus [iodoacetate] (Fig.  9b) we have obtained a limiting rate constant of inactivation of 0.83 min-'. The dissociation constant for the enzyme-iodoacetate complex as calculated from this plot was found to be 3.15 mM. This result suggests that the iodoacetate interacts specifically with the fast-reacting thiol groups at a site on the enzyme (presumably the active site).
Isocitrate and Mg2+ partially protected the Phycomyces isocitrate lyase against iodoacetate modification. Whichever ligand was used, non-linear semi-logarithmic plots were obtained, indicating the involvement of both sets of thiol groups in the inactivation reaction. The slowly reacting groups were unaffected by the presence of ligands, which may indicate that these slowly reacting groups did not belong to the active site.
Our results of protection against inactivation, obtained for 5 mM-iodoacetate, were analysed by plots of Ak versus [ligand] according to the partial protection model described by Renosto et al. [60] .
Isocitrate Our results are in agreement with data reported for isocitrate lyases from other sources such as N. crassa, Ps. indigofera, watermelon cotyledons and E. coli [14, 35, 42, 57] , which show the existence of a cysteine residue at the active site. However, more detailed studies will be required to test the identity of the thiolcontaining amino acid residue, the subsite to which it can be assigned and the effects of iodoacetate modification on the regulation of isocitrate lyase activity.
